The roughest locus of Drosophila melanogaster encodes a transmembrane protein of the immunoglobulin superfamily required for several developmental processes, including axonal pathfinding in the developing optic lobe, mechanosensory bristle differentiation and myogenesis. In the compound eye, rst was previously shown to be required for establishing the correct number and spacing of secondary and tertiary pigment cells during the final steps of ommatidial assembly. We have further investigated its function in the developing pupal retina by performing a developmental and molecular analysis of a novel dominant rst allele, rst D . In addition to showing evidence that rst D is a regulatory mutant, the results strongly suggest a previously unnoticed role of the rst gene in the differentiation of secondary/tertiary pigment cell fate as well as establishing the correct timing of surplus cell removal by programmed cell death in the compound eye. q
Introduction
In Drosophila melanogaster, cell fate assignment during ommatidial assembly is a sequential process, completely independent of cell lineage, which takes place in an initially unpatterned epithelial monolayer, the eye imaginal disc. Starting during mid-third instar larval stage, and progressing throughout early pupal stages, a wave of differentiation, whose front is defined by a dorso-ventral indentation on the apical surface -the morphogenetic furrow -, sweeps the eye disc postero-anteriorly. In front of the furrow, cells are still unpatterned and actively proliferating, whereas behind it they are progressively assembled into developing ommatidial precursor clusters, following a stereotyped sequence of events: photoreceptors differentiate first, followed by the four lens-secreting cone cells (cc) and primary pigment cells (pc1). Later, secondary and tertiary pigment cells (pc2 and pc3) as well as bristle cells acquire their identity and are added to the increasingly organized ommatidial lattice. Finally, surplus interommatidial cells (IOC) are removed by programmed cell death. After approximately one third of pupal development the patterning of the retina is essentially complete, showing already the same number of ommatidia and the highly regular hexagonal array observed in the adult (Ready et al., 1976; Tomlinson and Ready, 1987; Tomlinson, 1988; Cagan and Ready, 1989; Ready, 1991a,b, 1993) .
In the last few years there was a dramatic increase in our understanding of the molecular genetic mechanisms that underlie the signal transduction cascades and cellular interactions leading to photoreceptor recruitment and differentiation (For reviews see, among several others, Dickson and Hafen, 1993; Kramer and Cagan, 1994; Zipursky and Rubin, 1994; Ramos, 1995; Freeman, 1997 Freeman, , 1998 ; Thomas and Wassarman, 1999; Bonini and Fortini, 1999) . Much less is known, however, about the molecular mechanisms involved in the final steps of ommatidial patterning, specially those responsible for choosing which of the remaining uncommitted cells will differentiate into pigment cells and which will die instead. Recently, based on laser ablation experiments, Miller and Cagan (1998) proposed a model of interommatidial cell death during pupal development that depends on the relative strength of a 'pro-apoptotic' signal mediated by the Notch signaling pathway and of a 'pro-differentiative' signal resulting from the activation of the Drosophila Egf-receptor/Ras signaling pathway. The direct effectors responsible for refining and integrating these signals remain, however, to be unambiguously identified.
Among the genetic functions that directly interfere with the final steps of ommatidial pattern formation, the roughest (rst) locus (also known as irregular chiasmC-roughest) is one of the best characterized. It encodes a transmembrane protein belonging to the immunoglobulin superfamily and is dynamically expressed in embryonic, late larval and pupal stages (Ramos et al., 1993) . Null alleles of rst and a mutant producing a Rst protein with a truncated intracellular domain cause eye roughness, due to the presence of extra pigment cells that differentiate in the absence of programmed cell death (Wolff and Ready, 1991a; Ramos et al., 1993) . In addition, rst is required in other developmental processes such as axonal pathfinding in the developing optic lobe, bristle differentiation, sensory organ spacing during antennal development and myogenesis (Boschert et al., 1990; Schneider et al., 1995; Reddy et al., 1999; Strünkelnberg et al., 2001) .
In an attempt to understand the role of this locus in the process of apoptotic elimination of interommatidial surplus cells, Reiter et al. (1996) undertook a detailed study of the expression pattern of the Rst protein during eye development and concluded that its correct spatial distribution is necessary for the specific reorganization of cell contacts taking place between the still unrecruited interommatidial cells and pc1 and suggested that this reorganization seems to be a pre-requisite for apoptosis to occur. However, their results do not exclude additional, more direct roles of rst on programmed cell death in the pupal retina and on interommatidial cell fate specification. We have investigated these possibilities by examining the developmental and molecular basis of the phenotypic defects associated to roughest dominant (rst D ), a novel dominant allele of the rst locus. In addition to showing its regulatory nature, we demonstrate that in homozygous rst D flies there is a delay in the onset of the programmed cell death wave responsible for the elimination of surplus cells in the pupal eye. This delay correlates with a temporal shift towards later developmental stages observed when the expression pattern of the Rst protein in the eye disc of rst D mutants is studied during late larval and pupal stages. Interestingly, we also observe in this mutant a frequent failure of interommatidial cells to take on a pc2/pc3 fate, remaining apparently undifferentiated until eclosion, even if apoptosis in the retina is partially blocked by the expression of the baculovirus P35 protein. Taken together, the results presented here show hitherto unnoticed roles played by the rst locus in the final steps of ommatidial patterning which are crucially dependent on the correct expression timing of its product.
Results

The rst D phenotype
The roughest dominant (rst D ) allele of the rst gene was originally isolated by M. Fortini and A. Schalet in the laboratory of S. Artavanis-Tsakonas and has several intriguing genetic characteristics which seem to be dependent on its genetic background, including variable phenotypic severity and a relatively high instability, leading to frequent reversions both to wild type looking eyes and to a rough eye phenotype indistinguishable from loss-offunction rst mutants. The detailed genetic characterization of the locus will be described elsewhere (Octacilio-Silva et al., in preparation) . Although the mutant phenotype can be observed in heterozigotes, we have in this study restricted our analysis to homozygote and hemizygote individuals, which are viable and fertile. Fig. 1 shows the morphological characteristics of the compound eye of rst D and wild type flies. Mutants have slightly reduced eyes with dark red color, glassy texture and a flattened appearance (Fig. 1D) . A very conspicuous feature is the straightness of the posterior and ventral border of the eye, as if part of it had been cut off (Fig. 1D, arrowhead) . The number and relative position of the photoreceptors is normal in the adult, (Fig. 1E ) but their general organization is somewhat disturbed, with rare malrotated ommatidia (Fig. 1E, arrowheads) . The pigment distribution around the ommatidia on the other hand is clearly abnormal, being completely absent in some regions (Fig. 1F) . As far as the visual system is concerned the phenotypic abnormalities seem to be restricted to the compound eye, since no obvious misrouting of axonal fibers crossing the inner and outer optic chiasm, such as those observed in rst UB883 or rst 1R34 (Boschert et al., 1990) , are apparent in the optic lobe of rst D mutants (data not shown).
rst
D phenotype is associated with a DNA rearrangement located upstream of the rst transcription unit As a first step towards understanding the molecular basis of the rst D phenotype we looked for differences in restriction enzyme digestion patterns from wild type and rst D genomic DNA fractionated in agarose gels, submitted to Southern blotting and hybridized to 32 P radiolabelled DNA fragments derived from a 60 kb long genomic region corresponding to the rst chromosomal walk described in Ramos et al. (1993) . Except for previously known DNA polymorphisms (data not shown), restriction pattern differences were found only when a 4.1 kb EcoRI derived from coordinates þ 15 -þ 19 was used as probe ( Figs. 2A,B ). This rearrangement in rst D DNA was further mapped to a 556bp HpaI-XhoI region (Fig. 2C ) located approximately 18 kb upstream from the start site of the longest rst cDNA ( Fig. 2A ; Ramos et al., 1993) . Given its location, this rearrangement could be responsible for the rst D phenotype by either physically interrupting eye-specific regulatory sequences or somehow interfering with their transcriptional specificity in space and time.
rst D mutants show altered Rst expression in the eye
Based on the molecular data presented above and since initial Western blot analyzes did not detect any obvious qualitative differences between wild type and rst D with regard to the presence and integrity of the Rst protein (data not shown), we used the anti-Rst monoclonal antibody mAb24A5.1 (Schneider et al., 1995) to look for differences between its spatial and temporal distribution in larval and pupal eye discs from wild type and rst D mutants (Fig. 3) .
The wild type Rst expression pattern in these tissues was previously described by Reiter et al. (1996) . The first signs of ommatidial organization begin to appear immediately behind the morphogenetic furrow, as cell aggregates arrange themselves in the form of 'arcs'and then zipper shut along their midlines, generating the first photoreceptor preclusters (Wolff and Ready, 1993) . In wild type third instar larval discs (wt L3, Fig. 3A ), mAb 24A5.1 immunoreactivity is initially observed apically in most cell membranes at the morphogenetic furrow as well as at the posterior border of arcs and early preclusters (Fig. 3A,  inset) . In rst D L3 eye discs however (Fig. 3B ), immunoreactivity is also present inside early preclusters, and in some membrane contacts between precluster cells (Fig. 3B, inset) . This latter observation suggests that in rst D , in contrast to what seems to happen in wild type, (Reiter et al., 1996) , Rst is actually expressed by early precluster cells.
In wild type pupal retinae, as development proceeds, mAb 24A5.1 immunoreactivity is initially present at all cell contacts and then becomes more intense at the borders between pc1 and IOC. The overall intensity of the staining reaches its peak during the cell sorting stage, (Fig. 3C, 24% pupal development) when the IOC rearrange themselves In rst D retinae on the other hand, Rst immunoreactivity between IOC borders is still almost as intense as at the IOC/pc1 border by 24% p.d (Fig. 3D) . Around 32% p.d. a clear difference in staining intensity between these two types of cell borders can be observed (Fig. 3F) . However, not until 43% p.d. the complete disappearance of immunoreactivity between IOC contacts can be observed, (Fig. 3H ) while remaining stronger than in wild type at the IOC/pc1 border and appearing around the future bristle cells (arrows). The number of IOCs per ommatidium decreases at this stage but is still in excess, particularly around bristles. Most of these surplus IOC seem to have disappeared between 45 and 50% p.d. (data not shown) but bristle cells are still often irregularly spaced and the apical profiles of pigment cells never completely 'straighten out', showing frequent areas of irregularity. Interestingly during most of pupal development an homogeneous cytosolic staining is consistently observed in IOC from rst D retinae, at significantly higher levels than wild type.
These results show that in rst D mutants, Rst protein is present, expressed in a dynamic fashion and, except for the early stages of eye imaginal disc patterning, the order of spatial expression follows closely the wild type pattern. However, in mutant pupal retinae, both the overall time period of Rst expression in IOC and its characteristic changes in subcellular localization seem to occur some 10 -12% later in development than wild type. Intriguingly, expression at the border between cc and pc1, as well as at the border between IOC and bristle cells seem to follow a temporal course very similar to wild type.
Onset of programmed cell death in the pupal eye is delayed in rst D mutants
Programmed cell death in the compound eye is disrupted to a varying degree in essentially all rst loss-of-function mutants (Boschert et al., 1990; Wolff and Ready, 1991a) . It was therefore of interest to investigate to what extent the observed temporal differences of Rst expression in wild type and rst D IOC also affected the time course of apoptosis in the pupal eye of these mutants (Fig. 4) . In wild type, an average of two to three cells per ommatidium are apoptotically eliminated between 22 and 34% pupal development (Wolff and Ready, 1991a) , and these dying cells can be visualized, with a delay of few hours, by acridine orange (AO) staining (Spreij, 1971 (Figs. 3A,B) . Maximum staining intensity is then reached by 45% p.d. (Figs. 4C,D) and is still observed by 50% pupal development (Fig. 4E) . Staining intensity decreases thereafter but is only totally absent by 60% p.d. (Data not shown) . The 10% p.d. delay in the onset of the cell death program observed in the mutant correlates well with the 10-12% delay in Rst immunoreactivity disappearance from the membranes between IOCs and its restriction to IOC/pc1borders, suggesting that localized expression of the Rst protein might be essential to define the correct time window and efficient implementation of programmed cell death during pupal development.
Secondary and tertiary pigment cell fates do not differentiate properly in rst D mutants
A striking phenotypic difference between rst D and the previously described loss-of-function recessive rst mutants is the color and general appearance of the adult compound eye. In the latter, the inability to eliminate extra IOC leads to the presence of supernumerary but fully differentiated pc2/3 in the adult eye which, in consequence, becomes bulged and rough but still displays an essentially wild type bright red color. rst D adult eyes, as shown in Fig. 1 , have a dull red/brownish color, which is frequently associated to lower levels of pteridine, and a very irregular distribution of ommatidial pigments, (see, for instance, Fig. 1E ) as well as a flattened appearance. Since pteridine pigment is primarily produced by pc2 and pc3, which are also the main responsibles for holding the entire ommatidial structure in place, these phenotypic characteristics are clearly indicative of structural and functional defects in rst D pc2/3. To study the developmental basis of these defects we first looked for differentiated pc2/3 cells in rst D pupal eye discs using the enhancer trap line marker BA12, which targets b-galactosidase expression to the nuclei of pc2, pc3 and bristle cells (Fig. 5A, arrows) . In rst D retinae carrying the BA12 enhancer trap transgene only three nuclei per ommatidium are normally stained (Fig. 5B, arrows) as compared to 12 nuclei per ommatidium in the wild type. These three cells are most likely bristle cells by virtue of their localization, their morphology and because bristles develop normally in rst D flies. This difference of expression of a pc2/3 cell marker between wild type and mutant could be interpreted in two ways: First, the secondary and tertiary pigment cell fates are originally specified in rst D , but most of the recruited cells are later removed, due to an improper implementation of the cell death program which, as shown above, is delayed in these mutants. Alternatively, either the secondary and tertiary pigment cell fate fails to be properly specified in rst D pupae or specified cells do not fully differentiate.
To help distinguish between these alternatives we partly suppressed cell death in the pupal eye discs by expressing the baculovirus p35 protein under the control of a Glass dependent promoter (Hay et al., 1994 ) and looked at BA12-driven b-galactosidase expression on this genetic background. An excess of IOCs nuclei expressing b-gal is clearly seen in pupal retinae from wild type individuals carrying one copy of the GMR-p35 transgene. These individuals also display a moderate rough eye phenotype due to the presence of extranumerary pc2/3 (Figs. 5C,E) . In rst D flies carrying the GMR-p35 transgene however, only the same three nuclei per ommatidium show strong b-galactosidase immunoreactivity (Fig. 5D, arrows) , although a low level staining appears to be present in some of the surplus IOC. Also, the characteristic 'cut' in the posterior and ventral part of the adult eye is not present anymore but pigment cell-related phenotypes, such as glassy appearance and darker red color, are only mildly improved (Fig. 5F ). Thus the reduced number of b-galactosidase stained cells in rst D mutants does not appear to be due primarily to defects in the surplus cell elimination program but rather seems to reflect the lack of ability of most interommatidial cells in rst D to either be correctly specified or to fully differentiate as pc2/3. Further support for this conclusion comes from IOC morphology in rst D mutants. Cell contacts at the retinal floor are disorganized and the actin cytoskeleton is grossly abnormal, as shown by the pattern of actin filaments stained with rhodamine-conjugated phalloidin (Fig. 6C) . This is very different from the characteristic 'flower pattern' Ready, 1991a, 1993) of the basal retina of wild type individuals (Fig. 6A) . Some order is recovered once cell death is partly inhibited in these mutants by p35 expression (Fig. 6D ) but the pattern is still quite different from loss-offunction rst mutants such as rst CT (Fig. 6B ) in which suppression of cell death leads to surplus, but fully differentiated, pc2/3.
Discussion
Most of the steps leading to the emergence of the adult ommatidial pattern occur in the first third of pupal life and are associated with three clearly discernible morphological events: First, the reorganization of cell contacts between undifferentiated IOC and the two already recruited pc1; Second, a wave of programmed cell death, which removes 2.5 cells, on average, per ommatidial cluster (Wolff and Ready, 1993) and third, the positioning and initial differentiation of pc2/3. Since secondary and tertiary pigment cell specification is critically dependent on the correct unfolding of this sequence of events, the establishment of the exact causal relationships between them is essential for a precise understanding of the mechanisms controlling pattern formation in the compound eye.
The wild type product of the rst locus has been shown to be required for cell death in the pupal retina, although not necessarily by directly controlling apoptosis (Wolff and Ready, 1991a; Ramos et al., 1993; Reiter et al., 1996) . In fact, evidence previously obtained (Reiter et al., 1996) suggested that the primary function of Rst in the pupal retina would be to direct the cell sorting events that organize IOC around ommatidia, without which no cell death could occur. However, recent data indicate that cell sorting does not appear to be an absolute requirement for triggering interommatidial cell death, since local laser ablation of cone cells and pc1 can induce massive interommatidial apoptosis without prior cell sorting (Miller and Cagan, 1998 ). Here we have further investigated those aspects of rst function by analyzing the developmental and molecular bases of the phenotype of a novel dominant allele in which a temporal shift in the expression of Rst protein is observed. In addition to showing that a delay in Rst expression can influence the onset of the apoptotic cell wave in the pupal retina, our results suggest that the correct temporal expression of rst might be needed for the implementation of the pc2/3 cell fate specification program or, at least, for the full differentiation of these cell types.
Temporal and spatial interactions of Rst protein in the pupal eye
Although some spatial differences in Rst protein distribution between wild type and rst D seem to be present at very initial stages of eye disc morphogenesis, these are not, most likely, directly responsible for phenotypes seem in adult mutants, since both the number and organization of photoreceptors and cone cells (not shown) appear normal. The most conspicuous feature observed in the ommatidial development of rst D mutants is a delay of 10 -12% p.d. in the onset of key morphological events, such as cell sorting and cell death, immediately preceding, and probably leading to, cell fate specification of IOC. These events were previously shown to depend on rst function during the first third of pupal development and for their correct inception and their delay in rst D correlates well with the time shift towards later stages observed in the dynamics of Rst protein expression pattern. It is important to emphasize that this delay is not a consequence of a general slow down in the overall development of these mutants, since the timing of other key developmental events in the pupa, such as head eversion and eclosion, is well within the range observed in wild type stocks. Besides, Rst expression in cone cells and in bristle precursors seems to follow a temporal course similar to wild type. We did find, however, that about 30 -35% of rst D pupae have persistent salivary glands more than 24 h after puparium formation. This phenotype is absent in rst D revertants but can be mimmicked by overexpressing the extracellular portion of the Rst protein during the first 20 h of pupal development, (Simon, C.R., Machado, L., Octacilio-Silva, Moda, L. and Ramos, R.G.P. unpublished observations). These results, although preliminary, show some parallel to the data presented here and point towards a role of rst in the establishment of a 'dying competence' in the salivary gland, as well as in the pupal retina.
Despite the time shift, Rst immunoreactivity is present both in wild type and mutant IOC during most of the critical developmental period mentioned above, although with very different membrane distributions. For instance, whereas in wild type Rst immunoreactivity is already restricted to IOC/pc1 borders by 32% p.d. the same situation does not occur in rst D retinae before 43% p.d. This observation indicates that it is not the presence or absence of the Rst protein, but rather its different subcellular distribution at a given time point that seems to be critical for the mutant phenotype. The importance of Rst correct subcellular localization for its function in eye development has been already shown several times: It is altered in rst CT , for example, a mutant allele of rst having a severe rough eye phenotype and in which the intracellular domain of the Rst protein is truncated (Ramos et al., 1993; Reiter et al., 1996) . Also, mutations affecting some components of the Notch pathway can interact phenotypically with rst loss-offunction alleles and lead to an altered subcellular localization of Rst in pc2/3 (Gorsky et al., 2000; Tanenbaum et al., 2000) . However, the data presented here additionally shows that the time when of these changes in membrane distribution occur is equally important, since the same general expression dynamics of Rst can lead to a normal eye or to a severely disorganized one, depending simply on when it takes place.
IrreC-rst and secondary/tertiary pigment cell differentiation
The conclusion that pc2/3 do not differentiate properly in rst D mutants is based on three independent lines of evidence: First, pigment production is abnormal in mutant pigment cells; Second, the basal actin cytoskeleton of pc2/3 as visualized by Rhodamine phalloidin is clearly disrupted; And third, failure to express the pc2/3 and bristle marker BA12 These differentiation defects are only mildly improved when the elimination of surplus ommatidial cell is perturbed by the expression of the antiapoptotic baculoviral protein P35 and thus appear to be largely unrelated to programmed cell death. However, it has been recently shown that P35 does not block Dronc dependent apotosis (Yu et al., 2002) , and therefore it cannot be completely excluded that some of the aforementioned defects could be due, at least partially, to the activation of the cell death pathway in IOC.
Differentiation of essentially all cell types in the developing retina was shown to depend on the Ras signaling pathway, through the activation of the Drosophila Egfreceptor by Spitz (and, in photoreceptor R7, also by Boss/Sevenless-kinase interactions) or its inhibition by Argos (Freeman, 1996 (Freeman, , 1997 (Freeman, , 1998 . According to this model, the reiterated activation of the Egfr/Ras-pathway in an increasingly larger ensemble of cells throughout retinal development results in their sequential recruitment to specific cell fates and subsequent differentiation. In the case of pigment cells, a further refinement was introduced by Miller and Cagan (1998) , who suggested that in the final stages of ommatidial pattern formation the differentiative signal transduced by the Egfr/Ras pathway is antagonized by the Notch pathway, which is necessary for programmed cell death to occur in the interommatidial lattice. It is important to note however that although the activation of the Egfr/Ras signaling pathway is necessary for differentiation, it does not directly specify cell fate. This choice seems to be determined primarily by the specific developmental time when this signaling pathway is activated in a given cell, with the implication that all cells in the retina pass through a sequence of 'competence states' as development proceeds, each defined by a unique combination of transcription factors (Freeman, 1997) . Further support for such a model of cell fate specification has been recently found, and its generality extended to other tissues (Flores et al., 2000; Halfon et al., 2000) .
Within this context, and given the importance of the correct temporal and spatial subcellular localization of Rst for its function, it is tempting to speculate that the initial, more or less homogeneous membrane distribution of the Rst protein in uncommitted interommatidial cells could be important to prevent them from responding prematurely to the general differentiation signal triggered by the activation of the Egfr/Ras pathway, thereby allowing a choice between the pc2/3 differentiation and cell death programs to be possible. This hypothesis is consistent with the observation that retinae lacking a fully functional Rst protein not only have extra cells due to the absence of programmed cell death but all these 'spared' cells are able to differentiate as pigment cells. The abnormalities in pc2/3 differentiation observed in rst D could then be explained if, because of the temporal shift in Rst expression, its redistribution to pc1/IOC membrane borders happens after the cells have lost their competence to respond to the differentiation signal or when the signal itself is not present anymore. Whether this proposed 'insulating' effect of Rst is a permissive one, caused simply by differences in adhesive properties of cells with different subcellular distributions of Rst or is a consequence of a direct interaction with the Egfr/ras transduction signal cascade is currently being investigated.
Is differential membrane distribution of Rst in IOCs transcriptionally regulated?
In this study we identified a DNA rearrangement in rst D , most likely an insertion, located about 18 kb upstream the putative rst transcription initiation site, suggesting that the developmental abnormalities seen in this mutant are primarily due to defects in transcriptional regulation of the rst gene. The observed spatial and temporal differences of Rst expression in rst D are consistent with this assertion, but other interpretations are certainly possible. For instance we cannot completely exclude at this point that some of the phenotypic characteristics of rst D are not due to an interference with the expression pattern of neighbouring genes. It has been recently shown (Strünkelnberg et al., 2001 ) that the regulatory regions of kirre, a rst paralogue that seems to act redundantly with it to allow myoblast fusion during embryogenesis (Ruiz-Gomez et al., 2000; Strünkelnberg et al., 2001 ), is located not farther than 120 kb proximally to rst, on 3C6, and the two genes are transcribed from opposite strands, with their 5 0 ends toward each other. It is therefore conceivable, although unlikely, that kirre expression pattern could be affected by the rst D rearrangement and, therefore, be responsible for at least some aspects of the rst D phenotype. Also, alternative explanations based on RNA stability or translation efficiency are possible, since resolution of our analysis cannot exclude the existence of additional mutations affecting the rst coding region. However, the apparent absence of structural differences between the Rst protein in wild type and in rst D (Octacilio-Silva and Ramos, unpublished) as well as other phenotypic characteristics of the mutant not examined here such as high reversion rate, make these possibilities not very likely either, thus raising the question of how the highly dynamic temporal changes in membrane localization of Rst seen during the final steps of ommatidial patterning could be directly influenced by a regulatory mutation. A simple explanation can be provided assuming that Rst molecules present at the pc1/IOC borders are more stable than for those localized at the IOC/IOC borders. This stability could be a consequence of the postulated heterophilic interaction between Rst and a ligand present in the pc1 membrane (Reiter et al., 1996) . Therefore, the higher the turnover of Rst molecules not at pc1/IOC borders, the more sensitive to changes in transcription levels their concentration elsewhere in the membrane would be, and the observed temporal changes in membrane localization of Rst would directly reflect the transcriptional dynamics of the gene, rather than an actual redistribution of protein around the cell membrane. In this scenario, quantitative changes in transcriptional levels would be translated in higher or lower concentration of Rst protein at the IOC/IOC borders and mutations interfering with either the timing or the efficiency of transcription would then result in a delay or slowdown of the process of subcellular distribution of the protein. Although speculative, such a model can satisfactorily reconcile the molecular nature of the rst D mutation with the main phenotypic features of the mutants carrying it, while providing a framework for future investigations on the role of the rst locus in the final steps of ommatidial pattern formation in Drosophila.
Experimental procedures
Fly stocks and genetic manipulations
Fly cultures were normally kept at 258C on standard Drosophila food and crosses were performed according to standard procedures (Greenspan, 1997) . Unless otherwise noted all stocks used in this work were previously described (Boschert et al., 1990; Lindsley and Zimm, 1992; Ramos et al., 1993; Hay et al., 1994) . BA12-LacZ stock was a gift of Dr Ross Cagan and GMR-P35 transgenic stock was kindly provided by Dr Bruce Hay.
Molecular biological methods
Genomic DNA preparation of adult flies was performed essentially as described in Gray et al. (1991) . Restriction enzyme digestion, radioactively labeled probe preparation and Southern blot hybridization were carried out according to standard protocols (Sambrook et al., 1989) .
Acridine orange staining
Acridine orange staining of pupal eye discs was done as described in Wolff and Ready (1991a) . Briefly, pupal retinae at appropriate stages were rapidly dissected in Ringer's solution and stained for 2 min in 0.1 mg/ml acridine orange. After a brief wash in Ringer's, retinae were mounted and observed under a Zeiss fluorescence microscope using a green filter.
Phalloidin staining
Pupal retinae were dissected in Ringer's solution and fixed for 30 min in 4% paraformaldehyde. After three washes in PBT (phosphate buffered saline plus 0.3% Triton X-100) retinae were incubated overnight at 48C in 2 mg/ml rhodamine-conjugated phalloidin (Sigma Chemical Co.). Subsequently, retinae were washed 3 £ in PBT and mounted under a coverslip in mounting medium (0.25% n-propyl galate, 50% glycerol, PBS pH 8.6) for observation under confocal microscope.
Immunocytochemistry
Pupal retinae were dissected in PBS and fixed 20 min in 4% paraformaldehyde. After several washes with PBS the tissue was incubated with mAb 24A5.1 (anti-Rst) in 1:20 dilution for 1h at room temperature followed by 5 £ 5 min washes with PBS. Incubation with goat anti-mouse Cy3 (Jackson) was performed for 40 min at room temperature. The retinae were washed again 5 £ 5 min with PBS and mounted in Glycerol/PBS 1:1. The preparations were viewed with a Leica TCS4D confocal microscope.
